Introduction
One of the global challenges is to reduce the emission of greenhouse gases while increasing the industrial production/ efficiency to meet the society needs. Especially,the petrochemical industry is at the focus of environmental pollution. Therefore, the development and synthesis of ecofriendly,l ow-cost, and efficient catalysts for the petrochemical industry are inevitable.
Among the chemical transformations, selective oxidation is an important chemical reaction, whichp lays an essential role in the preparation of many chemicals on an industrial and at the laboratory scale. [1] One very important application of the oxidation reactions in petrochemicals is the synthesiso fa ldehydes by oxidation of the corresponding alcohols. Aldehydes play av ital role as the starting materialf or many industrial and pharmaceutical formulations. [2] Among the different catalysts reported for the oxidation reactions, metal-supportedm etal oxides or mixed metal oxides (MMO) have gained much attention, such as Au NPsÀCeÀSnO for the preparation of benzaldehyde from benzyl alcohol, [3] PtÀCeO 2 /C and PtÀTiO 2 /C as electrocatalysts for methanol oxidation, or TiO 2 (001) nanosheets for the oxidation of benzyl alcohol. [4] CoCuO MMO microspheres have been used for the oxidation of ethylbenzene, [5] the electrochemical oxidation of glucose, and the selective oxidation of 5-hydroxymethyl furfural, to name only af ew. [6] MMOsc ontaining manganese received significant attention as catalysts for various applicationsi ncluding oxidation reactions, manganese titaniumo xide hydroxide-supported palladium nanoparticles being an example for the electro-oxidationo f methanol, [7] and for the removal of Cr VI from aqueous solutions. [8] Fe 3 O 4 and MnO 2 assembled on halloysite nanotubes have been used for the electrochemical detection of mercury(II) ions, [9] MnO 2 films andM nO 2 nanosheets decorated with NiO nanoparticles as efficient supercapacitor electrode materials, [10] and MnCo 2 O 4 @C nanoparticles as ac atalystf or water splitting. [11] Manganese-promoted CeÀAlÀSi is ac atalystf or the oxidation of acetone, [12] Pd m Mn 1-m O x nanoparticle-decorated graphene or graphene-based composite photocatalysts have We report on the synthesis of the zirconia-manganesec arbonate ZrO x (x %)-MnCO 3 catalyst( where x = 1-7) that, upon calcination at 500 8C, is converted to zirconia-manganese oxide ZrO x (x %)-Mn 2 O 3 .W ea lso present ac omparatives tudy of the catalytic performance of the both catalysts for the oxidation of benzylic alcohol to corresponding aldehydes by using molecular oxygen as the oxidizing agent. ZrO x (x %)-MnCO 3 was prepared through co-precipitation by varying the amounts of Zr(NO 3 ) 4 (w/w %) in Mn(NO 3 ) 2 .T he morphology,c omposition, and crystallinity of the as-synthesized product and the catalysts prepared upon calcination were studied by using scanning electron microscopy,t ransmission electron microscopy,e nergydispersive X-ray spectroscopy,a nd powder X-ray diffraction. ]w ere determined by using the Brunauer-Emmett-Teller method, and the thermals tability was assessed by using thermal gravimetric analysis. The catalystw ith composition ZrO x (1 %)-MnCO 3 precalcined at 300 8Ce xhibited excellent specific activity (48.00 mmolg À1 h À1 )w ith complete conversion within approximately 5min and catalyst cyclability up to six times without any significant loss in activity.T he specific activity,t urnover number and turnover frequency achieved is the highest so far (to the best of our knowledge)c ompared to the previously reportedc atalysts used for the oxidation of benzyl alcohol. The catalysts howed selectivity for aromatic alcohols over aliphatic alcohols.
catalyzed the oxidationo fa lcohol, [13] and copperm anganese oxide nanoparticles have been used for the oxidation of carbon monoxide, [14] alcohols, [15] and various hydrocarbons. [14, 16] Similarly,M MOs containing manganese oxide along with those that are noble-metal doped/supported [16i, 17] are also used for the oxidation of benzyl alcohol.
Similarly,z irconia-based catalysts are used for the oxidation reaction, as an example ZrO 2 ÀCeO 2 /SiO 2 [18] or gold supported on Zr doped ceria catalysts have been employedf or the oxidation of CO, [19] RuÀCu/ZrO 2 as glycerolh ydrogenolysis catalysts, [20] and CuÀNi/ZrO 2 for the synthesiso fd iethylc arbonate from CO 2 and ethanol. Ap olyoxometalate-zirconia (POM/ZrO 2 ) nanocomposite [21] has been reported for the selective oxidation of alcohols in the liquid phase. [19, 22] Zirconia-supported CrO 3 [22b] or ruthenium-supported on aC aOÀZrO 2 [22c] have been used for the oxidation of alcohols to aldehydes,w hereas zirconium-based metal-organic frameworks have been employed for the photocatalytico xidation of alcoholu nder visible light.
[22d] Zirconia-supported sodium decatungstate (Na 4 W 10 O 32 / ZrO 2 )
[22a] led to the formation of carboxylic acids. However,t here are few reports for manganese (Mn)-and zirconium (Zr)-based MMOs as catalysts. Also, MnCO 3 ,w hich is low cost, environmentally friendly,a nd transforms to manganese oxides [18] upon heating, has been used as ar aw material to preparem anganese-oxide-basedc atalysts. However,M nCO 3 as ap ure phase or mixed with other metal oxides is not studied as an oxidation catalyst. In this contribution, we report the synthesis of ZrO x (x %)-MnCO 3 (where x = 1-7), followed by calcinationa te levated temperature to prepare ZrO x (x %)-Mn 2 O 3 . Both catalysts were studied for the oxidation of benzylic alcohols to the corresponding aldehydes. The catalysts were prepared by co-precipitation with varying the amounts of Zr(NO 3 ) 4 (w/w %) and Mn(NO 3 ) 2 (Scheme1). The morphology, composition, and phase composition of the as-synthesized catalyst and those of the catalyst after calcination were monitored by using scanninge lectron microscopy (SEM),t ransmission electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, powderX -ray diffraction (XRD), Brunauer-Emmett-Teller (BET), and thermal gravimetric analysis( TGA). The catalytic efficiency for the oxidation of various aromatic alcohols wase valuated by using gas chromatography. Figure 1 . The SEM images showp articles with aw elldefined cuboidalm orphology. The particle-size distribution ( Figures 1C and 1F ,o btained with the Image Jp rogram) shows only slight variationsi nt he particle sizes with changes in calcination temperature. The composition of the catalyst is determined by using EDX and stays within experimental error to the theoretical composition ( Table 1) .
Results and Discussion
The XRD patterns for the as-synthesized catalysts (uncalcined) (Figure 2a )s howt he presence of rhodochrosite, synmanganese carbonate (JCPDS No. 00-007-0268) with space group R-3c (167), which, upon calcination at 300 8C, transformed to rhodochrosites manganese carbonate oxides( JCPDS No. 00-001-0981) [space group R-3c (167)] (Figure 2b ).
Calcination at 500 8Cl ed to the formation of bixbyite with *c ould be attributed to the presence of ZrO x (monoclinic phase for uncalcined and 300 8C-calcined samples,and tetragonal for 500 8C-calcined sample). The HRTEM images of ZrO x (1 %)-MnCO 3 nanoparticles obtained after calcination at 300 and 500 8C( 
ThermalStability
The thermals tability of ZrO x (1 %)-MnCO 3 calcineda t3 00 8Co r ZrO x (1 %)-Mn 2 O 3 obtained after calcining at 500 8Cc atalysts was determined by using TGA (Figures4aa nd 4b). The catalyst calcined at 300 8Cw as stable up to 410 8Cw ithasmall weightl oss of < 8% (attributed to physisorbed moisture). Increasingt he temperature led to an additional weightl oss of 15 %i nt he temperature range between 410 and 610 8C, corresponding to the decarboxylation of MnCO 3 to form MnO 2 + CO 2 and further oxidation of MnO 2 to Mn 2 O 3 (O 2 :4 MnO 2 / 2Mn 2 O 3 + O 2 ), as reportedb yZ hu et al. [1] These findings are in agreement with the results(5% weightloss) obtained for heating the catalysts calcined at 500 8C.
Surface-Area Measurements
The surfacea rea of the prepared catalysts wasd etermined by using BET sorption measurements. ), owing to sintering. It is worth mentioning that sinteringn ot only resultsi nter-particles, but it also minimizes the porosity within as ingle particle. The results are compiled in Table 2 . [23] The catalytic activity of ZrO x (1 %)-MnCO 3 may be correlated to the activity surface area (vide infra). [a] Reactionc onditions:a mounto fc atalyst3 00 mg,r eaction temperature 100 8C, oxygen flow rate 20 mL min À1 ,b enzyl alcohol 2mmol, toluene1 0mL, and reaction time30min. 
Catalytic Evaluation
To investigate the catalytic performance of the prepared catalysts and to compare the catalytic activity of ZrO x (1 %)-MnCO 3 and ZrO x (1 %)-Mn 2 O 3 ,b oth catalysts underwent testing for the oxidationofbenzylalcohol to benzaldehyde as amodel reaction. To check the effect of ZrO x ,t he activity of phase-pure MnCO 3 and Mn 2 O 3 was tested under identicale xperimental conditions for comparison.
Effect of Calcination Temperature
As the calcination temperature may play an essential role for the kinetics of the reaction, [24] the obtained catalysts were evaluated for the oxidation of benzyla lcohol. (Table 2 ). This shows that the presence of ZrO x on MnCO 3 plays an important role during the oxidation reaction, whereas ZrO xsupported Mn 2 O 3 obtained upon calcination at 500 8Cd isplays the lowest catalytic performance and specific activity. This may be related to ad ecomposition of the active catalyst phase or reduction in surfacea rea (as mentioned above),w hereas the sample calcined at 300 8Ch as MnCO 3 oxidesw itha ctives ites to promote catalysis. These catalytic activity resultsa lso correlate with results obtainedf rom the surface area analysis,w hich revealed thatt he Zr(1 %)-MnCO 3 catalyst synthesized at 300 8Cp ossesses the highest surface area, whereas the other calcination temperature resultsi nt he depreciation of surface area ( Table 2) . The specific activity,t urnover number (TON), and TOF were found to decreasew ith increasing calcination temperature.T he benzyla lcohol conversion,s pecific activity, TON, TOF and selectivity obtained over the catalyst are listed in Ta ble 2.
Effect of the Amount of ZrO x Promotor
To investigate the optimum amount of ZrO x presenti nM nCO 3 to effect the kineticso ft he reaction, catalystsp repared by varying the amount of ZrO x precursor from 1t o7 %w ere tested for the oxidation of benzyla lcohol to benzaldehyde. All catalysts were calcined at 300 8C, and the reaction was performed at 100 8C. ZrO x (1 %)-MnCO 3 showed ac omplete conversion of benzyla lcohol. The specific activity for this conversion is 13.33 mmolg À1 h À1 and the TOF was 64.27 h
À1
. ZrO x (3 %)-MnCO 3 , ZrO x (5 %)-MnCO 3 ,a nd ZrO x (7 %)-MnCO 3 led to 95.25,6 1.49, and 40.25 %c onversion,r espectively.T oa scertaint he presence of ZrO x as the promoter,acatalyst prepared without ZrO x was subjected to catalytic evaluation under as imilars et of conditions. A8 2.55 %b enzyla lcohol conversion along with specific activity of 11.0 mmolg À1 h À1 was achieved, which clearly indicates the promotion effect of ZrO x in the catalyst with 1a nd 3% ZrO x .T he specific activity, TON, and TOF were found to decrease with increased percentage presence of ZrO x in the catalyst. Furtheri ncreasing the ZrO x content led to ad ecrease in the catalytic performance, which may be attributed to ab locking of actives ites or to an agglomeration of zirconia, as indicatedb yt he results of the BET analysis.The graphical representation is given in Figure 6 .
The specific activity for the conversionsd ecreased from 12.70 to 5.37 mmolg À1 h À1 with no change in selectivityt owards benzaldehydef or all reactions. The benzyl alcoholc onversion, specific activity,a nd selectivity obtained for all catalyst are compiled in Ta ble 3.
Effect of Amount of Catalyst
To determinet he effect of the amount of catalysto nt he catalytic performance, the amount of the ZrO x (1 %)-MnCO 3 catalyst wasv aried (100, 200, 300, 400, and 500 mg), while the reaction conditions [temperature (100 8C), molecular oxygen as oxidant],a nd reaction time (5 min) were kept constant. The reaction carriedo ut using 500 mg catalysty ieldeda100 %c onversion product within 5min (Table 4 , entry 5), whereas the conversion for the remaining samples was < 100 %w ithin the same period of time. A2 8.47 %c onversion was obtainedw ith 100 mg of catalyst( Ta ble 4, entry 1). The specific activity for this conversion was calculated to be 68.32 mmolg À1 h
À1
.H owever,w hen the amounto fc atalyst was increased to 200, 300, 400, and 500 mg, the specific activity decreased to 53.89, 50.24, 48.74,a nd 48.00 mmolg À1 h
,r espectively (Table 4 , entries 2-5). The selectivity remained unchanged throughout the studies. The conversion of benzyl alcohol to benzaldehydei ncreasedb yi ncreasing the amount of catalyst, whereas the specific activity decreased. Al inear relationship can be deduced between the amount of catalyst and conversion of benzylalcohol, as shown in Figure 7 , andt he catalytic results are compiled in Ta ble4. Figure 8s hows the effect of reaction temperature on the catalytic activity of the ZrO x (1 %)-MnCO 3 catalyst for the oxidation of benzyla lcohol. Upon increasing the reaction temperature from 20 to 100 8C, the conversion of benzyl alcoholw ith the synthesized catalyst increased from 49.84 to 100 %. The specific activity, TON,a nd TOF were found to increase with increased reactiont emperature (Table 5) .
Effect of ReactionT emperature
It is worth mentioning that, when the reactionw as carried out in the absence of ac atalysta nd otherwise as imilars et of reactionc onditions, no conversionp roduct (i.e. benzaldehyde) was formed. To rule out the formation of benzaldehydeb yo xidation of the solvent( toluene), ar eactionw as performedw ithout the substrate (benzyl alcohol), and again no conversion product (benzaldehyde) was formed. ,benzyl alcohol 2mmol, toluene 10 mL, and reaction time 5min. [a] Reactionc onditions: catalyst ZrO x (x %)-MnCO 3 ,a mount of catalyst 300 mg,c alcinationt emperature 300 8C, reaction temperature1 00 8C, oxygen flow rate 20 mL min À1 ,b enzyla lcohol 2mmol, toluene1 0mL, and reactiont ime30min. The specific activity and TOF of the catalystw erec alculated and compared (Table 6 ) with the catalysts reported previously for the oxidation of benzyla lcohol to benzaldehyde.
[16a, 21, 25] ZrO x (1 %)-MnCO 3 showed4 8mmolg À1 h À1 as the highests pecific activity and a TOF of 591.48 h À1 for benzyla lcohol oxidation. The specific activity for the oxidation of benzy alcohol using ac opper/copper oxide nanoparticles supported on SBA-15 reported( Cruz et al.) [25a] in the aqueous phase (43. 8 [25b] In summary, ZrO x (1 %)-MnCO 3 calcined at 300 8Ce xhibiteda ne xcellent catalytic activity compared to all other catalysts listed in Ta ble 6.
The exact mechanism can be postulated only by using in situ spectroscopict echniques. However,b ased on very established literature in the field, we propose the following mechanism for ZrO x -MnCO 3 or ZrO x -Mn 2 O 3 (ZrO x = 1-7 w/ w%)c atalyst-based oxidation of benzyl alcohol. In most of cases, the dehydrogenation step acts as the rate-limiting step in the oxidation of alcohols. [26] Moreover,the presence of apromoter (normally ab ase or catalyst support acting as solid base) can helpt oa ctivate the OÀHb ond of alcohol to increase the oxidation. Here, in this catalytic system,Z rO x dispersed on MnCO 3 acts as the promotor (basic sites ZrO x ). [27] MnCO 3 in the presence of molecular oxygen oxidized easily to high-valent Mn;m ost likely to g-MnOOH, [28] and the organic molecule oxidizes at the expense of these high-valent Mn active sites. As reported by Ta ng et al., [25j] and verifiedb yo thers;w ea lso believe that the oxidation mechanism follows the Mar-van Krevenlen-type mechanism. The active speciesi sp ossiblyO 2À and likely involves the transfer of two electrons in as ingle step. As the mechanism involves the exchange of oxygen from the lattices, the activity is very much dependent on the MnÀOb ond strength in aM nO x catalyst. This is the reason that, in our case, [a] Reactionc onditions:c atalyst ZrO x (1 %)-MnCO 3 ,a mount the catalyst 500 mg,o xygen flow rate 20 mL min À1 ,b enzyla lcohol2mmol, toluene 10 mL, and reaction time 5min. Table 6 . Acomparison between our result and earlier reported resultsi nthe literature for the oxidation of benzyl alcohol to benzaldehyde.
Ref. the ZrO x -MnCO 3 -based catalysti sm ore active where the surface Mn is oxidized to g-MnOOH by molecular oxygen and acts more as ac atalytic site than ZrO x -Mn 2 O 3 . The catalyst reusability is an important parameter used to define the significance of the catalyst from commercial point of view.I no rder to evaluate the re-usability and the stability, the ZrO x (1 %)-MnCO 3 was subjected to the oxidation reaction, separated from the reactionm ixture by centrifugation,w ashed with toluene severalt imes and dried at 100 8Cf or 4hto avoid contamination with reactant or product of the previous reaction and re-used up to six times, yieldingt he same conversion product and selectivity.H owever,t here is an only as light reductioninc atalytic performance (Figure 9 ).
Catalytic Performance on Substituted BenzylAlcohol
Detailed catalytic parameters for the conversion of benzyla lcohol revealed that the best resultso btained were achieved by using ZrO x (1 %)-MnCO 3 after calcination at 300 8C, 2mmol benzyla lcohol, 0.5 gc atalyst, 10 mL toluene, 20 mL min (Table 7) were tested using the above-mentioned conditions. Allb enzylic alcohols and citronellol are completely converted to corresponding aldehydes. A > 99 %s electivity toward aldehydes is achieved in all reactions, and no other products are found. Benzyla lcohols containing electron-donating groups were observed to be the most reactive and exhibited shorter oxidation times, whereas benzylic alcohol substituted with electron-withdrawing groups was lessr eactive. [38] The increasei nt he catalytic performance for with electron-donating groups is probably caused by the adequate electron density at the active centerc ompared to substrates containing electron-withdrawing groups. For instance, benzyl alcoholw ith electron-donating groupsi nt he para positions (4-methoxylbenzyla lcohol) completely converted into the corresponding aldehyde after 5min (Table 7 , entry 3). Conversely, para-nitro- Figure 9 . Graphical illustration of conversion product and selectivity obtained upon catalyst reuse. benzyla lcohol, containing a para-electron-withdrawing group, required al onger reactiont ime (7 min) ( Table 7 , entry 12). On the other hand, it was reported that alcohols with substituents at the para-positione xhibited ah igherc onversion than alcohols substituted in meta or ortho positions, because para substituents have lower steric hindrance.
[39] For example, para-nitrobenzyl alcoholw as fully oxidized to the correspondinga ldehyde within 7min (Table 7 , entry 12), whereas meta-a nd orthonitrobenzyl alcohol were completely converted into the correspondinga ldehydes after 8a nd 13 min, respectively (Table 7 , entries 16 and 18). Additionally,s teric hindrance is an essential factor affecting the catalytic activity for the oxidation reactions. Thus, bulky groups such as 2,3,4-TriOMe, ÀC(CH 3 ) 3 , ÀCF 3 ,2 ,4-DiCl, and 2,3,4,5,6-pentafluoro attached to thep henyl ring reduced the oxidationr ate and required longerr eactiont imes. This mayb ea ttributedt os terich indrance that impedes oxidation of the bulky substituents of benzylic alcohols (Table 7 , entries 8, 14, 15, 19, and 20) . Usually,t he oxidation of aliphatic alcohols is much more difficult than that of benzylic alcohols.
[25d, 40] As an example, citronellol,a na liphatic alcohol, exhibitedc omplete conversion in longer reaction time (90 min) compared to benzylic alcohols, which could be attributed to the absence of conjugationi nt he b-position of the hydroxyl group (Table 7 , entry 21).
Conclusions
We have reportedt he synthesis of ZrO x -(x %)-MnCO 3 (where x = 1-7 %) and ZrO x -(x %)-Mn 2 O 3 (x = 1-7 %) catalysts for the aerobic oxidation of alcohols. To evaluate the catalytic activities of the as-prepared catalysts, ac omparative study of catalytic efficiency between ZrO x -(x %)-MnCO 3 (x = 1-7 %) and ZrO x -(x %)-Mn 2 O 3 (x = 1-7 %) oxide along with the effect of zirconia on the catalytic performance was carriedo ut. During this study,i tw as revealed that ZrO x -(1 %)-MnCO 3 displayed superior performance as compared to its oxide counterpart. Furthermore,i tw as ascertained that the presence of zirconiae nhances the catalytic performance of the catalyst, which yielded 100 %c onversion to benzaldehyde during the oxidation of benzylalcohol. The reaction time for this conversion is approximately 5min with as pecific activity of 48.00 mmolg À1 h À1 ; these values (best to our knowledge) are among the best for any catalystr eported for the catalytic oxidation of benzyl alcohol. Moreover,t he use of molecular O 2 as as ource of oxygen makest his catalysta ne nvironmentally friendly catalystf or liquid-phase oxidation of benzylic alcohols. The ZrO x -(1 %)-MnCO 3 catalyst was also tested for various substituted benzylic alcohols, and it is found that 100 %c onversion products( i.e. corresponding aldehydes) are formed;h owever,t he reaction time varies based on the nature of substituent present on the aromatic ring. Notably,t he oxidation of benzylic alcohols that contain electron-withdrawing and bulky groups required longerr eactiont imes than those containing electron-donating groups to the corresponding aldehydes. Furthermore, catalytic performance towards the oxidation of aliphatic alcohol showedt hat the synthesized catalysts displayed lower conversions for the aliphatic alcohols, which may be attributed to absence of conjugation. These results suggest that the as-prepared catalysts are selective towards the aromatic alcohols. Moreover, the prepared catalyst possesses numerous merits including high conversions,s pecific activities, and selectivity towards aromatic alcohols and av ery short reactiontime. [a] Reactionc onditions:c alcination temperature 300 8C, amountt he catalyst 500 mg, oxygen flow rate 20 mL min À ,a lcohol 2mmol, toluene 10 mL, and reaction temperature 100 8C. 
